The Adelaide-Mt Lofty Region of South Australia is an exemplar, in microcosm, of the issues confronting biodiversity conservation in a world of increasing population and a drying, fire-prone environment. At just 0.1% of Australia's terrestrial land mass, this area is largely peninsular and oriented along a spine of ranges to 730-m elevation. Annual average rainfall varies from over 1100 mm in the hills to less than 500 mm on the plains in the north. The original vegetation varied from grasslands to shrublands to grassy and shrubby woodlands to forests, but now includes a major capital city and a mixed farming hinterland. Biodiversity in the region is in decline, and many species' extinctions have been recorded. With increasing population and a drying climate, fire antecedents, like ignition and fire danger, are predicted to increase the area burned in the wetter regions, but such predictions may be offset by increasing the fire protection of the expanding population and their economic and social assets. While the existing system of many small reserves will remain the backbone of biodiversity conservation in the region, wider recognition of the all-tenure, whole-of-landscape, whole-of-community approach to biodiversity conservation and fire management is needed if the probability of further extinctions is to be reduced.
Introduction
Global biodiversity is considered to be in its sixth main extinction event in the Earth's geological and contemporary history, but the present episode is due to human activity [1] . Australia has the dubious distinction of leading the world in the number of mammal extinctions [2] . It is considered that more than 60 species of vascular plants are extinct, and 1180 threatened, at a national level [3] . Local extinctions have been common in some places, such as in cities, while at a regional level, the extinction rate is in between that of city areas and the continent. At each of these geographical scales, in Australia and around the world, reactions to the decline of biodiversity have included attempts to reverse adverse trends by: increasing the number and area of official conservation reserves; breeding and translocating native animals; seeking more control over feral animals, exotic diseases and weeds; storing seeds in artificial seed-banks; replanting with indigenous species; promoting positive habitat change, such as by installing nest boxes; establishing connectivity across landscapes ("nature links", "bio-links", "biodiversity corridors", "conservation connectivity areas") (e.g., [4] ) and applying appropriate fire regimes (sensu [5, 6] ).
Fires occurrences and their impact on economic, social and environmental assets around the world are changing rapidly due to changing fuels, climates and ignition sources, e.g., [7] . Changing fuels are predicted, in part, due to increasing atmospheric carbon dioxide levels (now at their highest in a million years [8] ), but also to changed land uses, changed ecosystems and changed management of public land. Changing climates have various effects on different landscapes and, consequently, on different fire intervals, according to where, on the spectrum of the fire interval and climate, the site occurs: if a semi-arid environment is becoming wetter, the fire interval can be expected to shorten; if a moist climate is becoming wetter, the average fire interval can become longer, e.g., [9] . Most of Australia is drying and warming [10] , a trend exemplified by its record high temperature, its "Angry Summer", in 2012-2013 [11] .
In many, perhaps all, fire-prone regions of the world, most fires are caused by people, e.g., in Australia [12] , China [13] and Spain [14] , and often ignited along roads or associated with higher population density generally, e.g., in Australia [15] , South Wales [16] , southern France [17] and the USA [18, 19] . Ignitions may be due to carelessness, but also due to clashing electrical conductors in power-lines and arson, for example; so, it can be expected that as population burgeons, the numbers of ignitions will also increase. Prescribed fires may also increase in number and area (note, later, the recent increasing trend in the study area, as shown in Figure 5b ), affecting the contemporary unplanned fire regime to various extents, depending on the environmental context and previous management.
Attention in this paper is focussed on the effects of changing fire circumstances on indigenous biodiversity (i.e., in situ biodiversity), particularly in conservation reserves, but the fire-management responses to changing fire and fuel circumstances in reserves will be affected by the changing circumstances in the wider landscape, by the budgetary responses of governments and by community perspectives. Landscapes surrounding reserves may hold assets with sensitivities to fire or smoke regimes, yet species within the biodiversity asset are adapted to selected fire regimes. Needless to say, the situation is complex and involves many stakeholders [20] .
In this paper, we examine the interactions between fire regimes and biodiversity with reference to the major worldwide challenges of climate change and rapidly increasing human populations in fragmented landscapes. We use the landscapes of the Adelaide-Mt Lofty Region, South Australia, (AMLR) as our primary exemplar. The area is part of one of 15 Australian biodiversity hotspots identified by the Australian Government's Department of the Environment [21] . It includes a sub-region, which is a "potential climatic refugium" under climate change scenarios [22] . In particular, we address biodiversity conservation in relation to human density impacts, the effects of rural land use and the social importance of unplanned ("wild") fires, as well as fire-regime effects generally. We set the scene for a discussion of future likelihoods with respect to biodiversity and fire issues in an all-tenure, whole-of-landscape [23] , whole-of-community manner by considering five situations that exemplify the main issues in the study area. Framing and illustrating the complex issues around the rapidly changing biodiversity-fire-climate-population interaction is challenging, but there is a compelling case to address them if biological conservation in fire-prone areas is to be successful.
The five situations prominent in particular locations in the AMLR that represent similar issues found in national and international arenas are those in which:
(i) people are the dominant influence on fires and biodiversity, i.e., in the city of Adelaide and its suburbs on the coastal plain, (ii) agriculture is prominent, in grasslands and grassy woodlands, and tree-species regeneration is a conservation issue; (iii) the hilly topography has major effects on bushfire behaviour and can have serious consequences for social and economic assets, including human fatalities; (iv) swamp-vegetation is rare and "critically endangered" [24] , but little conserved, and fires there can be in peat, a fuel of considerable significance in tropical, as well as temperate zones; and, (v) threatened species, such as orchids and bandicoots, particularly in shrub and shrub woodland communities face inappropriate fire regimes and other threats.
The examples we draw upon lead to an understanding of the challenges of climate change, population growth and biodiversity conservation in fire-prone environments. They reveal a lack of knowledge of fire regime-biodiversity interactions in many areas and implicitly indicate the increasing expenditure needed for effective management in a rapidly changing world.
The Study Area
Our AMLR study area of 781,000 ha ( Figure 1 ) is identical to that of Willson and Bignall [25] . Its cultural focal point, Adelaide, is the capital city of South Australia, a city spread along the coast of St. Vincent's Gulf. Greater Adelaide has a population of over one and a quarter million [26] . Its growth since first settlement by Europeans in 1836 [27] on land occupied by Aboriginal people is a major factor in what has happened historically to the surrounding landscape and what will continue to happen in the future. The topographic spine of the region is a line of hills and low mountains running more or less north-south, known as the Mt Lofty Ranges. These ranges extend south through the Fleurieu Peninsula, one of three south-pointing peninsulas in the wider region, the other two being the Yorke and Eyre Peninsulas to the west. Slopes can be steep in parts along the entire length of the Ranges.
The AMLR is characterised by a Mediterranean climate of hot dry summers and cool wet winters. Average annual rainfalls vary from about 400 mm/yr to over 1100 mm/yr [28] . The vegetation at settlement varied from eucalypt forests and woodlands to mallee and other types of shrublands, as well as coastal types [25] .
Today, grain production is a feature of the northern areas, dairying and irrigated pasture in the south; major wine-grape growing regions are a feature; and orchards are common in the Adelaide Hills [29] . There are plantations of pine (Pinus radiata) and eucalypts (such as Eucalyptus globulus) in the area. Mixed farming in the Adelaide Hills is illustrated in Figure 2 . Conservation reserves are the backbone of biodiversity conservation in the region. The conservation-reserve system consists of a few, moderately-sized, reserves on public land supplemented by a large number of generally smaller areas on private land-"Heritage Agreement" sites (Figure 3a,b) . The system evolved and grew from reserves selected largely for their amenity to one with conservation as the prime purpose, creating a system with large reserves in the more arid regions of South Australia and many small reserves in more populated areas [30] . Outside such jurisdictions are a large number of remnant vegetation patches (Figure 3c ) and more-altered landscapes that have some biodiversity conservation value. (courtesy of Simeon Telfer [31] ). Note the green belt around the more-or-less rectangular city centre in each map. NPWSA: National Parks and Wildlife Service Act.
Greater Adelaide now encompasses some of the reserves and borders on others (e.g., for the change, see the maps from 1880 to 1965 in [32] and Figure 4) . Changes in the proximity of reserves to high population density are likely to continue as the population expands to "between 1.7 million and 2.2 million in 2061" [33] .
Biodiversity of the region is in decline [25] , "biodiversity" here meaning the variety of indigenous (i.e., in situ) organisms (cf. "native" species, but from other parts of Australia, and "exotic" species from outside Australia). "Exotic" species may be naturalised or nurtured; "indigenous" species may be extant or extinct.
Within the AMLR, there are now nine mammals and 17 birds, among other animals, that have become extinct, and 194 species of flora and fauna are listed as threatened (Table 1) , the latter being especially prevalent in wetlands, heathy woodland and grassy woodlands [25] . Under Federal legislation, three ecosystems listed as "critically endangered" are the peppermint box (E. odorata) grassy woodland, the iron-grass (Lomandra effusa, L. multiflora ssp. dura) temperate grassland and swamps [25] . Among butterflies, Hesperia flavescens flavia is listed as "vulnerable", Jalmenus lithochroa as "Adelaide populations: municipal critically endangered" and Ogyris idmo halmaturia as "endangered" [34] . 1953/1954 1956/1957 1959/1960 1962/1963 1965/1966 1968/1969 1971/1972 1974/1975 1977/1978 1980/1981 1983/1984 1986/1987 1989/1990 1992/1993 1995/1996 1998/1999 Unplanned fires ("wildfires" or "bushfires") have occurred throughout the history of the region from the early days of European settlement (Appendix). The mapped history of fires in the AMLR-both unplanned and prescribed-is patchy, but such records have greatly improved since the early 1970s. The total area burned per year is small in most cases, but two prominent spikes in the area burned by unplanned fires are in 1982/1983 and 2013/2014 (Figure 5a ). In recent years, prescribed burning has become more of a feature (Figure 5b ). Most fires occur along the spine of the region (Figure 1 ).
Willson and Bignall [25] recognised 68 species as being threatened by "inappropriate fire regimes", and a list of 12 species above a "low risk" and which are threatened by "fire management activities" (Table 1) . They stress that fire issues interact with other issues and that knowledge is poor, so that accurate determinations of threat are difficult.
Populous Adelaide, Fires and Biodiversity
"…with man's progress (from settlement in 1836 to 1850), vast numbers of quail which used to frequent these parts have disappeared" ([27] , p. 16).
In this section, the effect of high human populations on fires and biodiversity is outlined in the context of the European settlement of the Adelaide plains to become the Greater Adelaide area of today, stretching from Sellicks Beach in the south to the Gawler River in the north [35] , a distance of approximately 90 km. Fires may be largely eliminated from open places in the city and suburbs and biodiversity seemingly lost, so can cities and their peoples contribute to the conservation of a usually fire-prone biodiversity asset?
European settlers arriving on the Adelaide Plains in 1836 had an immediate need to establish a food supply. Part of this came from the land, part from the rivers: there were "plenty of kangaroos, wallabies, emus and opossums … sometimes fish" [1] . Then, there was the need for the cultivation of gardens and crops and the pasturing of livestock: the easily cultivated grassy woodlands growing on the relatively rich alluvial soils would have been ideal [32] , a legacy of Aboriginal land practices, such as frequent firing, as interpreted, controversially, from descriptions and paintings [37, 38] . Firewood and structural timber for houses was also needed. These collective needs had an impact on biodiversity in the landscape from the beginning ( [27] , p. 16), and this would rise with the development of the city (Figure 4) .
Today, in the Greater Adelaide area: "At least 132 native species of plants and animals have become locally extinct, and a minimum of 648 introduced species have arrived (mostly plants)" [35] . In the grassy woodlands and grasslands in the region generally, Paton et al. [39] highlight the decline of native species of birds, mammals and reptiles and the continued reduction and lack of tree regeneration. Extinctions have occurred, especially in mammals: Paton et al. [39] estimate the loss of 14 species in their "Mt Lofty Region", which is of a greater area than our AMLR.
The city (or town), along with its suburbs, experienced completely changed fire regimes and highly modified indigenous biodiversity. Numerous non-indigenous species of plants and large populations of introduced animals, especially birds, like pigeons, also became prevalent. In effect, a range of new, artificial, ecosystems has been constructed with often high inputs of energy in the form of digging, planting, potting, pruning, weeding, replacing and mowing of plants, along with inputs of water, fertilizer and sprays from external sources. The plant base of such ecosystems, in turn, has a variety of animals and invertebrates, fungi and microbes, etc., associated with them.
High-input ex situ actions for biodiversity conservation in a heavily populated area include conservation in zoos, botanical gardens, eco-gardens, public parks and private gardens. Nurserymen may need to simulate fire-stimulated germination of some species-after the manner of Davies et al. [40] for the flora of nearby Kangaroo Island to the south of our AMLR-in order to establish some plant species. Householders may grow native or introduced plants that intentionally or inadvertently support native animals and invertebrates. They might provide nesting boxes, water supplies and food for birds and other animals. Authorities may designate and manage certain areas as "biodiversity corridors", even in cities and suburbs. A part of Greater Adelaide, City of Salisbury, aims to "redress the loss of biodiversity in metropolitan Adelaide by … increasing the bio-mass and corridors of locally indigenous species" [41] : this program may be seen as a subset of the regional program, Cape Border to Barossa Nature Link [42] , the national program [43] and part of the international program [4] .
In heavily populated areas like Adelaide, in situ conservation of remnants is challenging, but is seen as important in terms of providing heritage and amenity values and as a way of maintaining refugia for declining species. For example, the West-Terrace cemetery in the green belt of Adelaide (Figure 4 ) actively preserves remnants of native plant species typical of the Adelaide plains prior to European settlement [44] . The importance of this kind of conservation is highlighted by Shackley [45] , who recorded the disappearance of 26 species in the Willaston cemetery, north of the city of Adelaide, in the last 50 years: this decline includes Choretrum glomeratum, the host for the butterfly, Ogyris otanes, a species with ant-tended larvae and considered to be "vulnerable" [34] .
Perhaps in the few modified remnants of the area in which the restoration of the fire regimes presumed to operate at the time of settlement (but see [46] for edge effects prominent in small reserves), would this allow ecosystems to be self-sustaining? In Adelaide, "Up until about 1960, in those areas where animals were not grazing, the parklands were burnt annually rather than being mown" [47] . However, such practices will often be considered inappropriate in a city context, where smoke and flames may affect people's health and wellbeing, and high-value economic assets could be at risk. Close by are city fire stations, so there is high-level, rapid control of fire spread. Mechanical fuel treatments and inadvertent fire-mitigation treatment of fuel through irrigation and maintenance of lawns, gardens and road verges predominates. In 2003, 60% of 509 plant taxa recorded in these parklands were introduced species [48] .
Cities have potential for species' conservation that is intentional, active and persistent. The South Australian Government is a partner in the Urban Forest Biodiversity Program and the Urban Biodiversity Unit [49] . [50] At the time of European settlement, woodlands virtually surrounded the spine of the AMLR formed by the Mt Lofty Ranges [39] . While Eucalyptus spp. seem to have been the most common dominants, Callitris (preissii) (e.g., north of Adelaide [50] and Allocasuarina verticillata, Banksia marginata and Melaleuca lanceolata [39] ) was also prominent. Grassy woodland landscapes (and Australian landscapes at the time of settlement generally) are considered to have been shaped by Aboriginal burning practices, albeit controversially (e.g., see discussions in [37, [51] [52] [53] [54] [55] ): the same situation is found in North American grasslands [52] . Here, we examine woodlands of the AMLR and more widely, rather than just those listed as threatened in some way.
Grassy Woodlands and Grasslands
On the Adelaide Plains and in the Fleurieu Peninsula, only 4% and 5%, respectively, of the grasslands and grassy woodlands remain since 1836 [39] ; "not a peculiarly Australian phenomenon" [56] . "Nearly 75% of declining native birds in south-eastern Australia are woodland birds", and Australian temperate lowland woodlands generally are "a disappearing landscape" [57] . These ecosystems are considered to be among the most threatened in Australia, a problem in common with North and South America and the chalk grasslands of Europe [56] .
Today, the landscapes of the original grasslands and grassy woodlands of the AMLR are imprinted with the history of European agriculture through the presence of cropping and grazing systems, vineyards, orchards and plantations. Many pastoral lands are highly modified reflections of the structure and composition of the original vegetation due to: cutting, dieback or thinning of native trees; clearing of shrubs and grazing of tree regeneration in otherwise grassy understoreys; planting of windbreaks and shade trees; the presence of occasional fires, causing old tree collapse ( Figure 6 ); fertilising; and cultivating for pastures and crops of introduced species. Needless to say, fire regimes have changed, but the ways in which they have changed in different areas is not known with any certainty. In highly fragmented temperate woodlands of Australia, such as those in the AMLR, most of the attention of zoologists has focussed on native bird species. Some bird species have become regionally extinct [58] while others are in decline [59] . The length of record of quantitative surveys may be too short to be definitive about trends, especially for the rarer species, but long-term negative outcomes may be lagged-the "extinction debt" [59] . Extinction might occur, for example, from extremes of "demographic stochasticity and environmental variation" (exacerbated by climate change [60] ) or predation. Time lags are perhaps most obvious for the formation of habitat hollows following tree recruitment from natural or artificial means [61, 62] , although, presently, most declining species of birds in the AMLR are not hollow dependent [63] .
Little attention seems to have been given in the literature to describing temperate grassy woodlands as ecosystems. An exception is Lindenmayer et al. [57] , who highlight the interactions that can occur between tree condition, understorey composition, birds and leaf-eating insects; they point out that fallen logs and branches can be an important habitat for ground foraging birds, the echidna (Tachyglossus aculeatus), native mice and reptiles generally, while branches and tree trunks falling into streams have significance for biota there.
Effects of Fire Regimes
Lunt and Morgan's review [64] in Flammable Australia, the Fire Regimes and Biodiversity of a Continent [65] points out that there is a relative lack of fire research in Australian temperate grasslands. In a parallel chapter, but on temperate woodlands, Hobbs [66] also points out the paucity of research on his topic; he highlights the interactions between fire (interval, season and intensity), grazing and weed invasion. Most recently, Lunt et al. [67] consider from "limited data" that Australian grasslands and grassy woodlands ecosystems operate similarly to others around the world, with possible exceptions being the "relatively small influence of fires on grassland-woodland boundaries" and the persistence of a diverse flora under "very high fire frequencies".
In South Australian woodlands, Davies [68] concluded that short intervals between fires are likely to deplete populations of some obligate seed regenerators. His review pointed out that fires occurring in different seasons may have either positive or negative effects on both native and exotic plant species and that extensive high intensity fires can adversely affect populations of reptiles and mammals.
For temperate grassy woodlands in Australia generally, Fischer et al. [69] noted that: "the ongoing decline of tree cover deserves urgent attention … (while) the tree regeneration crisis has received little attention in conservation policy". Observations of the senior author in woodland in the Australian Capital Territory suggest that: eucalypt regeneration in temperate woodlands is episodic and at various spatial scales; seedlings quickly develop resistance to low intensity fires; trees in general are very resistant to fire-caused death, but large trees are the most susceptible ( Figure 6 ), either directly by fire or in the early years after post-fire resprouting; and, trees may flower on epicormic shoots within five years or so after defoliation by fire. In a drying climate, episodes of regeneration will become rarer, perhaps.
There are similarities between the demographics of temperate grassy-woodland trees and those in the tropics. Eucalypt species that dominate much of Australia's tropical woodlands resprout after fire and have rare recruitment events limited by rainfall [70] . Recruits can persist in the understorey for many years, being repeatedly limited in growth by oft-repeated fires [70] . In a tropical savannah in the Northern Territory, Australia, saplings, "juvenile trees", survived most fires, but wet-season fires killed nearly 10% of plants [71] ; and stems of larger trees were the most susceptible to high intensity (late dry season) fires, while stem or plant survival in general was negatively related to fire intensity, but by no means complete [72] . The death rate of eucalypts of different sizes under different regimes over an extended period (say 500 years or more) is, of course, unknown, but may be pertinent.
Tree hollows are an important habitat for more than 300 species of Australian birds, mammals, amphibians and reptiles [73] . The trees containing most hollows may be perceived as distorted, dangerous to human well-being and unattractive due to the loss of large branches and tops. In the countryside, such remnant trees may be seen as sources of firewood, a source of embers when fire gains entry to tree "chimneys", making fire control more difficult, or as an inadequate shade tree for livestock. At the eastern edge of the city, there are hollow-bearing trees that may be a fire-risk factor. A minimum of 60-100 years may be required to develop hollows after planting trees in an Australian temperate zone [62] .
Livestock Grazing Regimes and Revegetation
Paton et al. [39] reported the general opinion in South Australia that livestock grazing and introduced weeds and pastures limit the recruitment of trees, and in parts of the Mt Lofty Ranges, livestock ring-bark and kill mature trees. Recent research in areas of former temperate "grassy Eucalyptus woodlands and dry forest" in New South Wales indicated that particular grazing regimes affect the extent of eucalypt regeneration, viz. that rotational grazing with considerable rest periods was four times better than that with conventional grazing practices and the same as that without grazing [69] . Lunt [56] noted in his review that "deferred and rotational grazing … may enhance the conservation of lowland grasslands and grassy woodlands in some cases", but "introduced stock … will invariably diminish the conservation value of grassy ecosystems". He found that livestock grazing can prevent regeneration, and that the dominant food of the indigenous swamp wallabies (Wallabia bicolor) of eastern Australia can be eucalypt seedlings. These examples show that the species of animal and stocking rotations are important to the regeneration outcome. Indeed, the concept of the grazing regime, with the same components as the fire regime [5, 6] -type (of animal), frequency of grazing, intensity of grazing and season of year [74] -is important to determine conservation outcomes.
Revegetation of woodlands is a recognised action for attempting to reverse trends in the decline of biodiversity in woodlands. However, Paton et al. [39] warn that inappropriate revegetation may be occurring through the use of shrub species that are known environmental weeds or species of inappropriate provenance. The extent to which revegetation is involved in the vegetation thickening and woody encroachment measured in Victorian grassy woodlands during the 16-year period to 2005 is unknown, but changes in land management and disturbance processes are likely causes, even though the causes are "challenging to untangle" [75] . Restoration programs may be initiated to try to recreate past ecosystems [1] , but the success of the translocation of apparently suitable animals into "restored" habitat is not guaranteed [76] ; the plant species used, or their provenances, can also raise concern [39] . "The fire roared through the funnel formed by gullies, shooting out one end to incinerate forests, property, houses, stock and fences." [78] Within the AMLR, fire behaviour may reach its fiercest in the wooded Adelaide Hills. Notable socially-disastrous fires have occurred there, especially in 1983 [79, 80] . Such occurrences can dominate approaches to fire and indirectly affect fire regimes in public conservation reserves, as in neighbouring Victoria [81, 82] . Affecting fire behaviour in conservation reserves and elsewhere in this region are fuels consisting of woody weeds (see the quotation above), "fuels" that, such as exotic weeds, are inimical to a biodiversity-conservation objective in an ideal system. In this section, fire behaviour phenomena are outlined, woody weeds exemplified and some of the social issues associated with fire noted. Later, below, in the section on species conservation using orchids and bandicoots as examples, the ambiguous role of woody weeds in supporting indigenous wildlife is mentioned.
Forest Fires, Woody Weeds and Hills' Assets
The moister, higher "hills" near Adelaide provide some relief from summer heat on the plains, and in 1877, a Governor's summer mansion was built at Marble Hill with a commanding view of the region [83] . Many people other than Governor Jervois have had the same idea, but have settled full time in the forests there. Villages, small towns and isolated houses now dot the landscape: in the jurisdiction of the Adelaide Hills Council, there was a population in 2011 of 39,000 [84] , while in the adjoining District Council of Mt Barker [85], there were 30,000 people. One of the attractions of living there, apart from cooler summers and a high quality village lifestyle, may be the presence of a discontinuous arc of conservation reserves approximately parallel to the perimeter of nearby Adelaide: a popular park, with 600,000 visitors per year, is Cleland Conservation Park [86] . However, the area is prone to bushfires and the economic and social damage they can cause: the former summer residence of the Governor is no exception, as it is now in ruins after burning down in the bushfire of 1955 [80] (Figure 7) . For some people, at least in summer, the "fire or fear of fire is ever present and all-pervading" [87] . As the climate warms and dries, more people may seek cooler and moister climes in the higher elevation country of the region. Similarly, the biota of the warmer and drier parts of the region may spread into the higher elevation landscapes [22] . The biota of upper elevations may have distributions that shrink to "micro-refugia" as climate changes [22] and population density increases locally: what happens will also depend on new between-species competitive outcomes and new fire regimes.
The history of fires in the area is a long one. Buckman et al. [88] recorded fires in the upper Mt Lofty area back to 6000 years ago using stratigraphy and the dating of charcoal in peat and sediments. The latter part of this period had an average interval of 120 years (n = 10) between erosion-associated fires. On the basis of explorer Sturt's observations and the absence of archaeological records, Clarke et al. [87] concluded that: "the high altitude sections of the Mount Lofty Ranges, covered with closed-canopy stringybark forests, appear to have been largely avoided by all Aboriginal groups" (see also [89] ). It seems likely that many other fires, not associated with sediment movement, also occurred during this period.
There has been a succession of seven fires recorded in the region in the 19th century reported from soon after settlement in 1837 (Appendix). There may be many more years of unrecorded fires, as a 19th century newspaper report in 1897 noted that: "as the first hot months of the year go by pillars of smoke rising here and there from the Mt Lofty Range become normal" [90] . In the 20th and 21st centuries, fires in the Adelaide Hills area have been recorded at an average interval of about two years (Appendix). Such lists should not be considered exhaustive, or uniform in terms of the area burnt, or in the same location on each occasion; they do not accurately reflect total areas burned, but emphasise the proneness of the area to fire.
Thirty percent of "vegetation fires" in South Australia occur in the Adelaide and Adelaide Hills area [12] , viz. closest to the highest population density in the state. With time, more ignitions may be expected as the population grows, because in many parts of the world, the numbers of fires and population densities are related [15] [16] [17] [18] [19] .
In Figure 1 , the numbers of times areas have been burned in the period 1951/1952 to 2012/2013 is recorded. This map does not indicate the numbers of ignitions, which would be abundant, but it does provide an indication of fire interval, a variable of importance to biodiversity conservation [74] . The map includes areas burned as management interventions for the protection of social and economic assets. The areas burned by all fires and prescribed fires only are shown in Figure 5a ,b, respectively. The prescribed fires mapped here are all on public land; the unplanned fires on public and private land. While a comprehensive analysis of all these data is beyond the scope of this paper, the data do indicate some of the geographic and temporal variability in the frequency of fires in the region; knowing and understanding the roles of all of the components of historical fire regimes, let alone their impacts on biodiversity, is extremely difficult.
With a regionally warming and drying environment [60] , a statistically significant upward trend in fire-weather severity is being experienced in Adelaide [91] . The trend is likely to continue as predictions for days with higher levels of fire danger indices are expected to rise [92] . If fires have the opportunity to spread, therefore, intensities will be higher if fuel accumulation curves after previous fires remain the same.
Fuels may not stay the same, because with an increase in carbon dioxide in the atmosphere, an increase in plant productivity in the absence of weather changes may be expected [93] ; deeper droughts could counter increases in productivity, such as that of grassy fuels [94] . In the drier parts of the AMLR, rainfall is likely to be limiting, while in the wetter parts, the situation is more equivocal. It is possible that in the Hills area, the effects of climate and atmospheric change on fuels and fires could be overcome by increases in fire-suppression capacity and management intensity in the form of programs of prescribed burning or mechanical fuel treatments. This depends, however, on the level of expenditure commitments of governments to extreme, but relatively rare, fire occurrences [95] . It may be impractical to immediately douse fires at their origin and prevent the spread of fire before it reaches intensities sufficient to cause significant damage to social and economic assets on all occasions.
The conserved ruins of the Governor's summer mansion sited on the top of a hill with forested gullies leading up to it are symbolic of the economic and social assets at risk from bushfires in the area. In 1983, there were many fires in South Australia and Victoria on Ash Wednesday, 16 February. In the Adelaide Hills, 12 people died and 150 became homeless [80] . Such figures are only the headlines, however, as many other forms of economic and social loss are experienced, as well. For example, psychological disorders may develop [96] ; and rural losses can be substantial, e.g., in the Tea Tree Gully/Anstey Hill/Gumeracha fire of 1983 [97] . In the AMLR, the wine industry is well known: the quality of wine grapes can be compromised by smoke, causing the wine made from them to be tainted to the extent that there can be losses of millions of dollars, as in the 2009 Victorian bushfires [98] . It is important to recognize losses and fear of losses of social and economic assets, as these affect managerial and policy responses to fires that, in turn, affect the conservation of fire-prone biodiversity.
Most fires spread in the steep topography found in the catchments to the west of the Mt Lofty Ranges divide. They spread under northerly, north-westerly to westerly winds initially, but can be markedly affected by wind changes, such as from the west and southwest in the 1983 episode [79] . Summer, nocturnal, downslope "gully winds" [99] can complicate firefighting [100] [101] [102] , while sea breezes can also modify fire weather. The stringy-bark eucalypts (E. obliqua, E. baxteri) that are common dominants in the vegetation are an ideal source of burning brands for starting spot fires downwind.
Slopes in the area can reach 30 degrees [79] , an angle that is in the critical range for the phenomenon known as "eruptive fire" [103, 104] . This phenomenon may be the same as the "blow-up" on steep northern slopes in the Mt Lofty Region described by Cochrane et al. [100] . Lee-slope rotors (horizontal vortices) and fire channelling are also important phenomena associated with ridges aligned more or less perpendicular to the wind [105] . Such fire properties are critical, e.g., "Many fatal accidents are associated (with) sudden fire acceleration … (on) steep slopes or canyons" [104] ; fires can accelerate upslope in correspondence to energy growth in the fire over time without there being any change in external conditions [106] . "Flame attachment" [103] or "flow attachment" to slopes can occur, especially on steep slopes in enclosed gullies [106] : an image from the Cherryville fire in the Adelaide Hills in May, 2013, may illustrate this phenomenon [107] .
Over 100 years ago, the local newspaper noted the effect of woody weeds on fire behaviour [77] ; 50 years ago, Cochrane [108] also noted that they were a major fire-behaviour problem. Today, woody weeds in the area include Aleppo pine (Pinus halepensis), blackberry (Rubus spp.), boneseed (Chrysanthemoides monilifera), olives (Olea europaea), gorse (Ulex europaeus), broom (Cytisus spp. and Genista spp.) and Polygala spp. [109] , plus Hawthorn (Crataegus monogyna) [110] . Woody weeds, and weeds 2-3 m tall, like African Daisy (Senecio pterophorus) in Belair National Park in the 1970s [111] , can be significant fuel elements on abandoned farm land [100] and in native vegetation [108] . Cochrane et al. [100] found that two years after a fire, broom or gorse could form a "greater fire hazard" than mature indigenous vegetation, thereby having the potential to alter the between-fire interval and fire intensity.
Woody weeds, like olives, blackberry, hawthorn and broom, can form dense thickets on farms and in conservation reserves. Field observation of naturalised olives showed them to be often 3 to 4 m in height and of variable density. They were found in grassland and grassy woodland, often with only bare ground and litter beneath. Where dense, there was no understorey of vascular plants. It is difficult to quantify the role of "major fire hazard" that Cochrane [108] ascribed to them, but his observations seem reasonable for infestations of blackberry, olives and gorse under the most adverse fire-weather conditions, although retarding effects may be evident at low fire intensities; fire spread effects can arise according to the density of plants, associated vegetation, canopy height and age. It is stressed, however, that there has been no systematic, comprehensive study published on the topic.
Prescribed burning has been used extensively in Australia as a way of reducing fuels and potential fire intensity, thereby increasing the chance of fire control and the chance of protecting built assets, like the Governor's former mansion at Marble Hill ( Figure 7) . It has arisen from the practice of "burning off", which has now been formally constrained by guidelines and models and contextualised as "prescribed burning". Since settlement in South Australia, settlers, farmers and foresters have been the main users of fire. "In the period from 1980 to 2001, levels of prescribed burning conducted in South Australia (particularly in growing areas of urban expansion) were low" [109] , but following the major 2003 bushfires in Canberra, Australian Capital Territory, prescribed burning in conservation reserves has become more prominent [112] ; and following the benchmarking 2009 Victorian bushfires, "a prescribed burning program for 5% (of) high risk public land each year" has been put forward as an official priority in South Australia [113] . Prescribed burning programs become part of the fire regime and, as such, also affect biodiversity [82] and, among other organisms, woody weeds.
Woody and other weeds are inimical to ideal conservation practice, so their removal or minimisation is a goal of biodiversity managers. If certain species exacerbate the rate of spread or intensity of fires, there is a more compelling case for their removal over and above that to be made for biodiversity conservation directly.
Critically Endangered Swamp Vegetation: Land Use, Peat Fires and Biodiversity
"…a week later, underground fires fed by 120 hectares of peat a metre deep, were still smouldering, sending up smoke visible for thirty kilometres" (in South-East South Australia) [114] .
In this section, the "critically endangered" swamps complex classified under Australia's Environment Protection and Biodiversity Conservation Act 1999 [24, 115, 116] is examined. Those found on peaty substrates have a special significance here, because of the influence of people and climate change on their ignition, combustion, suppression and effects. With drying due to climate change, more frequent fire access to these sub-fossil substrates is likely, with potentially major changes to biodiversity. The roles of fires, climate change and agricultural practices on biodiversity are noted here.
"The flora that fringes and connects the ecosystems of the Fleurieu Peninsula Swamps Complex is diverse, with a large proportion of species being of regional, state and national conservation significance" [24] . About half of some 200 plant species are listed as being of concern under South Australian legislation, while the "Swamps Complex also contains significant regional, state and nationally threatened fauna", such as the "Mount Lofty Ranges southern emu-wren (Stipiturus malachurus intermedius) (and) the southern brown bandicoot (a small mammal) (Isoodon obesulus obesulus)".
The vegetation of these swamp forms stands up to 3-m tall (Figure 8 ), some with stringy-barks-E. baxteri-on their margins. Peaty substrates in the AMLR are likely to support the shrub genera, Leptospermum and Viminaria, monocotyledons of the family Restionaceae and the genus, Baumea, and the fern, Gleichenia [117] . Peats are not widespread either in the AMLR or nationally, but, globally, peat deposits are considered to equal one third of the world's carbon-pool and to be about equal to that of all terrestrial sources [118] . Fires in peat are the slowest moving of all landscape fires, at up to about 12 cm/h [119, 120] , but are difficult to extinguish [121] and likely to be the most costly to extinguish per unit area because of their persistence and the elaborate measures needed, such as moat (and mound) building [121] and flooding, as well as direct hosing [122] .
Peats ignite under the wettest fuel conditions of any landscape fire-up to more than 110% on a dry weight basis in some cases [121] and in peats with mineral contents up to 80% [123] -and can burn for months [119] . They may have a slow spread rate, but can have numerous ignition points, due to the spread of the fire in the vegetation above; they can burn downwards, as well as laterally. In Australia, peat substrates may have accumulated over thousands of years, so fires burning down to mineral soil are necessarily extremely rare. Partial burning from above may be more frequent, and this is known to have occurred in the AMLR [117] . Peat fires generally could have been started by spontaneous combustion, but this can be difficult to prove [124] .
Peat fires, arguably, perhaps, can have the most extreme effects of any fire event. Smoke from peat fires in Indonesia has shrouded landscapes and cities and neighbouring nations for months, thereby causing deaths and major adverse health effects with economic costs set at many millions of dollars [125, 126] . Russia has had similar problems [127] ; the 2010 heat wave providing a striking example [128] . Other effects of peat fires recorded in the international literature include the felling of trees and the removal of peat from agricultural fields in Canada [119] and "drastically" changing vegetation [123] . As a result of peat fires, soils may change their mineralogy, becoming more magnetic, as in the Everglades of Florida, USA [129] .
To a large extent, the effects of peat fires in southern Australia are likely to mirror those of the national and international experience. Thus, even though Australian peat fires are small in area:
1. their smoke and ash is a health issue especially, perhaps, if it contains silica, a known carcinogen [130] ; 2. their smoke persists for extensive periods and causes local nuisance effects on road visibility. 3. they may cause the felling of stands of mature trees, as occurred in western Victoria in 2012 due to substrate combustion [131] ; 4. they may cause dramatic changes in plant-species assemblages, as in western Victoria, where the plant community became a "eucalypt monoculture with practically no understorey" [132] ; 5. they may cause changed hydrological conditions, such as in an area that burned for three months, "the ground sank, the creek bank collapsed, and large areas of burnt peat were washed away" [132] ; and, 6. depletion of peat deposits represents a loss of "geohistorical and biotic information of the evolution of the wetlands" [130] .
Peat-substrate fires in southern Australia have been ignited by prescribed fires as in southern Victoria, Australia, recently [133] and by unplanned fires, such as those in Victoria in [134] . Thus, the extents of peat loss from fires range from "no direct impact on the soil" to "soils burned to bedrock, losing thousands of years' worth of soil accumulation" [135] .
Fire-control problems are likely to increase as more fires in peat may be expected to occur in the future. Thus, ignition is likely to increase as the exposure and drying of peat and other organic substrates becomes more common as a consequence of decreased water in swamps due to:
While peat fires and their extreme effects have been the focus of the discussion above, fires are more common in the vegetation above than in the peaty substrate. Fire behaviour there is largely unknown. Stands of Typha, a food source for Aboriginal people, with a similar phenology and form to Phragmites stands found in the AMLR, are green during spring and summer, but start to cure in autumn and have dried-out stalks over winter; stands were probably burned in autumn and early winter in pre-historical times [137] . Gleichenia, a bushy fern that retains dead fronds and often found with Leptospermum, is another major fuel element: it carries dead material throughout the year and is likely to be a prominent fuel in summer fires. Swamp vegetation can carry fire, even when there is surface water present.
In the peat swamps of south-western Western Australia (WA), the sunset frog, Spicospina flammocaerulea, may be vulnerable to "inappropriate fire regimes" [138] , but for the swamps in the AMLR, the Australian Government [24] does not list "inappropriate fire regimes" as a threatening process. However, a bird species-the Mount Lofty Ranges southern emu-wren (Stipiturus malachurus intermedius)-is listed, and fires, not necessarily peat fires, seem likely to be involved in its persistence [87, 139, 140] . This bird species went locally extinct after the Ash Wednesday fires of 1983, but the effect was offset by subsequent translocation [141] .
The effects of fire regimes on the many species of concern in the wetlands of South Australia need to be investigated. Early indications are that major successional changes in dominants or subdominants can occur after fire [117] , but little appears to be known of the fire-regime responses of the 200 plant species and several animal species [24] . [142] .
Species Conservation and Fires: Orchids and Bandicoots

"The major threats to the Southern Brown Bandicoot (eastern) [include] inappropriate fire regimes and extensive wildfires …"
Species in decline or in small remnant populations are often the focus of attention for authorities concerned with their conservation. An ongoing challenge in fire-prone environments globally is to define or understand appropriate fire regimes for the management of these species. Much of the threshold-based fire regimes implemented in Australia and elsewhere are derived from an understanding of plant persistence strategies and times to maturity. There is a great deal more uncertainty around time to senescence, as well as the impacts of changing fire season, varying fire intensity and fire frequency [143] . Understanding spatial aspects of these fire regime elements at a landscape-scale is also challenging. In this section, we provide examples that highlight some of the challenges involved in understanding fire regimes and management for flora and fauna. We have chosen orchids to highlight the importance of season of fire as a significant variable for conservation and a bandicoot-a small ground-dwelling marsupial-to highlight the importance of fire interval and patchiness. The examples help to illustrate the scientific and practical issues associated with effective monitoring and applied research. Interactions, such as those between feral predators, fires and their management, are noted.
In the list of threatened vascular plant taxa in the recovery plan for the AMLR [25] , orchids are prominent in having 47 taxa listed from the total list of 128 angiosperms and ferns, being approximately one third of entries; here, we examine a selection of four of those for which fire responses are mentioned in the literature. We also examine the case of a "vulnerable" bandicoot, one of two mammals on the 164 terrestrial vertebrate list [25] , in relation to fire events and fire regimes, particularly in shrubby communities or shrubby understories of the AMLR.
Among the orchids listed by Willson and Bignall [25] , 38 are classed as "endangered" in the region and nine as "vulnerable". For the 36 taxa given a "broad vegetation preference" among the six categories for orchids, 14 were in heathy communities-either "heathy woodland" (twelve) or "heathy forest" (two)-and seven are in the "grassy woodland" category: thus, 39% are found in heathy communities. Heathy woodlands and forests are mostly dominated by species of Eucalyptus and have an understorey of sclerophyllous shrubs.
Duncan [144] defined five categories of orchid response to the benchmarking 2009 Victorian bushfires. His classification was based on population survival (killed or damaged) and, for undamaged populations-implied-flowering behaviour (neutral, stimulated or dependent). He noted that even in terrestrial species, populations may be killed due to the exposure of bulbs and the intensity of fire; if bulbs were killed, replenishment of the population must come from seed dispersed into the area. This highlights the importance of flowering and seed setting; however, grazing by native and introduced herbivores can have marked effects on the flowering of some orchid species [144] . Inappropriate fire regimes interact with other threats, so that their role in affecting species persistence is difficult to determine [25] .
Damage, or "inhibition", by fire seems to be a feature of autumn and winter flowering species ( [145] , from [144] ), which often have shallow tubers [146] . Many of the winter flowering orchids are also clonal and can therefore take much longer to recover and colonise burnt areas [146] . In the present study area and surrounding region, Quarmby [147] noted that several threatened Caladenia species (spider orchids) were known to survive summer fires, a time coincident with their dormant phase; as a corollary, they are most vulnerable to fire when they are actively growing, especially in autumn and winter, when the tubers are being replaced and mycorrhizal associations are being re-established [147] . For some species at least, bulbs can remain dormant for periods of one to three years [148] , so not appearing annually in population monitoring programs [149] .
Four of the "endangered" orchids of the AMLR are singled out for special mention. The first is the Kangaroo Island spider orchid (Caladenia ovata), a species that is said to seldom flower, except after bushfires, and that is threatened by inappropriate fire regimes [150] . The recent information is that the species can flower in some places without fire, yet, elsewhere, fire may lead to its invigoration and flowering as a response to the removal of cover [146] . The second species, the short-leaf donkey orchid (Diuris brevifolia), "Grows among shrubs in dense stunted forest and low heath in moist to wet soils; sometimes on swamp margins" and is threatened by "lack of fire" [151] , but like the previous species, its responses may be explained by the removal of cover [146] . The third species, the blue top sun orchid (Thelymitra cyanapicata), occurs in swampy woodland with a dense understorey, flowers more profusely after fire and could be affected by dense cover [152] and, therefore, fire regimes. For the fourth species, the Hindmarsh Valley greenhood orchid (Pterostylis bryophila), an indirect effect of fire arose when an intense fire led to a very dense regeneration of, and competition from, a native shrub, Acacia paradoxa, and a weed, Senecio pterophorus, thereby reducing populations [153] . While there is a direct or indirect fire connection with each of these species, more information is needed.
Among the animals that inhabit dense woody vegetation types in the region (Figure 9 ) is the southern brown bandicoot (Isoodon obesulus obesulus), a small mammal that occurs across southern Australia in habitats that are largely fragmented [154] . It is officially "endangered" nationally and "vulnerable" in South Australia [142] . Evidence is mounting that the bandicoot of interest here digs burrows that might provide it with shelter in bad weather and during prescribed fires [155] . Thompson et al. [156] , among other investigators [155, 157] , found that bandicoots survived a prescribed burn, but the number of animals observed was small in all three studies. Hope [157] noted that bandicoots may not even survive low intensity fires at times. In an area of the northern Fleurieu Peninsula, Thompson et al. [156] found no bandicoot sign, or the animals themselves, after the high intensity Ash Wednesday bushfires of 1983, and they did not reappear during the first ten years after the bushfire "despite extensive efforts" to detect them; and they had not reappeared in this area up until the time of Gepp's 2005 report [158] .
The absence of these animals after the Ash Wednesday fire could have been due to:
1. the killing of the population by high intensity fire;
2. the depredations of feral predators [157] , like the introduced European fox (Vulpes vulpes) or feral cat (Felis catus) [159] soon after fire; or, 3. the lack of unburnt habitat in the immediate area in which a remnant population could have persisted and recolonised the area [155] .
The importance of there being a remnant population in a reserve was highlighted by the aftermath of an unplanned fire in 2000, which burnt 96% of the 450-ha Wandilo Native Forest Reserve in south-east South Australia in which bandicoots persisted in a remnant of unburnt bushland [158] .
"Although it appears that the species may be favoured by the careful and strategic use of prescribed fire, more information is required on the scale, intensity and timing of burning for conservation of the subspecies" [142] . The significance of scale in bandicoot conservation in south-eastern South Australia was noted by Possingham and Gepp [160] through their recommendation that at least three prescribed burning "management units" would be part of their optimal strategy given the limited information available to them. Such advice on the "timing" (assumed to mean "season") of prescribed burning for the bandicoot, but perhaps "interval", should be considered in light of the behaviour of orchids, certain species of which are detrimentally affected by burning outside of their dormancy period (see above).
Issues of scale [142] include the demography of fire patches with vastly different areas [161] . Patchiness of some form or another in fires is unavoidable and may or may not be random. Just how these patches change with time [161] is not often considered. Mosaics of patches may be created naturally within a fire event [161] ; or may be seen as consisting of a variety of times since fire or patches with different histories and, as such, recommended for a single species, like the southern brown bandicoot [162, 163] . Details of the shapes, sizes and dispersion of the patches in the mosaic are usually lacking. This is not surprising, because it is no simple matter to ascertain what is best for a single species, let alone the biodiversity of an entire ecosystem; "Which mosaic?" is appropriate [164] . That the southern brown bandicoot occurs on Kangaroo Island [142] , neighbouring the AMLR, and persisted there without the influence of Aboriginal firing practices for thousands of years [165] suggests that assumptions about the nature and role of mosaics created by such practices are at least questionable in this case.
A review of threats to the southern brown bandicoot across south-eastern Australia [142] noted five main classes of problem, which are summarised here as: introduced predators; habitat change; fragmentation; inappropriate fire regimes; and isolation of populations. Habitat change through clearing "for urban, agricultural and pastoral use has been implicated in the local extinction of populations" of the species; weeds, stock grazing and Phytophthora root disease (introduced) have all been implicated in adverse habitat change, as well. The evidence for the importance of fire regimes presented in the review is mixed, but this could be because of different predator profiles, understorey densities and fire regimes. Aitken [166] attributed the decline of the bandicoot in south-east South Australia, in part, to too-frequent burning, which thins the vegetation and, in turn, assists predation by foxes. This is symptomatic of the problems with managing fire regimes for the conservation of many fauna; a comprehensive understanding of fire-regime responses is lacking relative to what is known about plants. Until greater consideration is given understanding links between fauna and fire regimes, plant-derived thresholds will be used as surrogates, but often with unknown consequences [74, 167] .
Discussion
"The settled areas of South Australia are within a natural environment which is bushfire-prone. This is a basic truth around which all else must revolve." [168] .
"No Species Loss" policy: "… the aim is to lose no more species in South Australia …" [169] .
"Nature today is more about cities and farms than wilderness." ([170] , p. 47).
The AMLR is part of a national biodiversity "hotspot" [21] embraced by the State-wide policy of "no species' loss" [169] . Providing an administrative framework for the "no species' loss" policy are the South Australian Government's Department of Environment, Water and Natural Resources, the Natural Resources Management Boards, the Biological Survey of South Australia, and the Urban Forest Biodiversity Program and its Urban Biodiversity Unit. The Conservation Council of South Australia and other grassroots organisations and individuals lend support to conservation efforts. Local government has inputs through its development of connectivity links, such as in the Town of Gawler [171] , where "minimising species loss" through the creation of biodiversity corridors, among other measures, is an objective. Despite this, the biodiversity resource is considered to be declining because:
1. many species have become extinct at local, state and national levels; 2. many species are formally listed as threatened, endangered or vulnerable at state or national levels; and, similarly, 3. a number of vegetation communities and their dependent fauna are under threat.
A broad generalisation to explain the decline of biodiversity is that it is due to the fragmentation of ecosystems (and attendant effects). This suggests that expanding the public conservation system, through the purchasing of land for connectivity corridors and creating new reserves, could assist in solving the problem. Indeed, it may do so to a lesser or greater extent, but the effects of fragmentation include the effects of changed processes within and outside reserves and fluxes of species across boundaries, all of which could vary from place to place. There is no single, practical, clear-cut answer as to why so many species are under threat: there are multiple possibilities.
Trying to isolate specific causes of biodiversity decline for a single species may be very challenging because of its small populations, sometimes found in disparate localities. Within a category of causes, such as "inappropriate fire regimes", identifying the specifics for a species, such as the regimes that are appropriate and those that are not, is difficult. Responses to aspects of fire-regimes include the apparent importance of fire intensity (e.g., on Stipiturus malachurus intermedius [141] ), the seasonality of fire (orchid examples), peat fires (see the peat fire section above) and fire interval (see the section on Bandicoots). There are likely to be interactions between the effects of these variables, all components of the fire regime [5, 6] . We know very little about the responses to fire regimes of many of the thousands of vascular plant species of terrestrial Australia, let alone all of the micro-organisms, fungi, cryptogams, invertebrates and vertebrates indigenous to the continent, for example. The same is true world-wide.
Not all species in situ are to be found in public conservation reserves, the places of seemingly highest administrative security. Indeed: "It is likely that not just the reserves but the entire remnant ecological system in the agricultural regions of South Australia is not representative of the regional environmental variation" [30] . Some populations of species, like the "vulnerable" southern brown bandicoot [25] , are found both in and beyond the boundary of Belair National Park, for example [110] . Outside of reserves, especially, the negative impact of human population density on biodiversity is everywhere to be seen, especially in cities. Even within the conservation-reserve system, certain fire regimes and management activities aimed at constraining fire spread may have adverse effects on some components of biodiversity [74] . Smoke, spreading beyond reserve boundaries, may have adverse effects on vineyards and human health [20] and provoke public reaction to fires in reserves. Smoke can also have a major influence on the germination of some Australian species, e.g., [40] , but also species in Africa and the USA [172] at least.
Bushfires and the biota spread wherever they can. They are not constrained by jurisdiction. The biota responds to habitat-atmospheric composition, weather and climate, soil type and depth, vegetation structure, species' composition and disturbance regimes, including fire regimes. Bushfires, in a sense, also respond to their habitat: weather (temperature, relative humidity and wind), soil type (organic or inorganic), ignition environment and vegetation structure, composition and fuel properties at various scales (e.g., for the latter, see [173] ) and topography. Neither bushfires nor elements of the biota are concerned with distinctions between "native", "indigenous" or exotic, feral versus tame, town versus country; indeed, the indigenous biota, like the southern brown bandicoot, in the AMLR may feed on the fruit of woody weeds [159] and shelter under blackberry thickets [174] , while fires, in the wider sphere, can be more intense in some pastures or crops of exotic species than in those of native species on the basis of their biomass when cured (e.g., in introduced Gamba grass, Andropogon gayensis, in northern Australia [175] ) or less ignitable in others, such as in irrigated crops.
The examples of species' status and the effects of fires raised in the sections above cover a spectrum of situations from city to rural, from artificial to "natural". "Indigenous species" may be found in public and private conservation reserves, but also on public and private property with prime objectives of management other than biodiversity conservation (e.g., see [170] for Australian examples). Thus, for the comprehensive application of the "no species loss" policy, a whole-of-community involvement (see above) may be envisaged, as apparently intended by the departmental policy in South Australia [169] and administrative structure. Similarly, fire matters need to be high in the consciousness of all inhabitants of, and visitors to, the fire-prone landscapes of the AMLR. Fires are already an issue of public safety; fire weather is becoming more severe [91] ; and fire regimes for biodiversity conservation are likely to become even more difficult to design, implement and control.
Whole-of-community "projects" are difficult to implement, because not everyone is likely to agree with their objectives. Even if they did agree with them in principle, people often have higher priorities for their use of time and money. Even government implementation of best practice may be compromised among different arms of government by different perceptions of community priorities, allocations of funding, rules of engagement with different jurisdictions and powers and motivations. Dilemmas regarding value, or appropriateness, arise in the field: koalas (Phascolarctos cinereus) are probably an introduced species in the Mt Lofty Ranges [176] , with individuals readily exposed to fires, but an icon and tourist drawcard; naturalised shrubs and trees-woody weeds-are out of place in conservation reserves, yet may provide food for indigenous species of birds or shelter for small indigenous mammals [159] .
Both bushfires and the biota can have negative or positive effects on social, economic and environmental assets. Fires can destroy houses and lives; feral animals can destroy wildlife and livestock. Fires can benefit biodiversity if within the bounds of the appropriate fire regime; prescribed fire programs can keep fuels at lower levels than they otherwise would be, thereby helping to mitigate fire intensities and, thus, reduce the potential impact of unplanned fires on various assets nearby. "(C)hanges in fire management" may be a "major threatening process" for many of Australia's bird taxa [58] , but can also be seen as a necessity within the emergency, land use and financial context in which such operations occur.
Concerns about both unplanned fires and biodiversity are being addressed at local through to international levels in Australia. For unplanned fires, there are international agreements for the exchange of fire fighters and equipment, while for biodiversity, there are a range of agreements, such as those relating to migrating birds, for example [177] . In the AMLR, fire suppression operations are integrated across metropolitan and country fire services. Other aspects of fire issues, such as planning controls, community engagement, fuel management and ignition control (especially arson), seem more disparate, less prominent. Fire management actions affect all land uses, whether this is through the construction of fuel breaks, the use of water in dams, the use of additives in water for suppression, the cutting of fences, prescribed burning programs, grazing regimes, etc. [74] .
Rural lands, whether as farms, rural-residential blocks, indigenous forests or plantations, water-supply reserves or road verges, can have a role to play in biodiversity conservation and unwanted-fire mitigation. This is being done to a limited extent already. In agriculture, there is the potential for enhancing the roles of indigenous and native species as part of cropping, shelter-belt and grazing systems. On rural-residential blocks, niche cropping of native species as food supplements could be further encouraged. In forestry areas and water supply reserves, there is potential for in situ conservation and enhancing conservation value through replanting with indigenous species. While there are a range of options, including being part of connectivity areas for biodiversity conservation, there are fire implications and adjacent land uses to consider.
The AMLR exhibits in microcosm many of the challenges faced by conservation managers in the wider fire-prone world-increasing human populations, changing atmospheric composition, changing climate, changing fire regimes, changing land uses and increasing land use intensity-resulting in the loss of biodiversity and increasing numbers of naturalised species. The extreme case of changed ecosystems is already with us (in the city and its suburbs), where ecosystems are based on plants introduced into gardens, as well as naturalised plants and indigenous species; where fertilisers, herbicides and pesticides are common; where mowing, watering and planting are routine; where temperatures are higher than the surroundings, because of the urban heat island effect; and where a range of new microclimates associated with buildings abound. Animal populations in these ecosystems may be artificially fed and watered, confined to various degrees, have new habitats in the form of ponds and buildings and face large feral populations of introduced predators, like foxes and cats. At the other extreme to such urban areas are relatively pristine areas, while in-between are peri-urban, rural, forestry and protected catchment areas.
Our society faces major practical and conceptual issues related to our changing fire regimes and declining biodiversity. There is a need to address decline in biodiversity by seeking and achieving:
1. effective and demonstrable connectivity through bio-links between all public reserves and all private remnant sites; 2. strategic habitat restoration; 3. enhanced conservation management across tenures; 4. promotion of the "big picture" concepts, like all-tenure, whole-of-landscape [23] and whole-of-community approaches; and, 5. fire regime management in all conservation management planning and actions'.
There is also a need to:
1. anticipate the nature of more densely populated landscapes under climate change, land use change, soil change (e.g., peaty substrates) and new aggregations of indigenous and introduced species forming an increased range of "novel ecosystems" [178] , a "new nature" [170] , managed with a range of synthetic fire regimes [82] ; 2. address species-based conservation in private urban, peri-urban and rural areas generally, with a view toward the continuity of conservation achievement through time, despite changes of land ownership; 3. determine the responses of indigenous species to fire regimes [143] , including responses to variation in fire interval and intensities and times of year (and peat fires where relevant); 4. understand and respond to lags in tree-population change (and fire regimes) and its consequences for the habitat-the "extinction debt" [59] and barriers to species migration that could cause species' population decline; 5. measure and record the status of biodiversity across landscapes from cities and towns to far-flung areas and respond adaptively and comprehensively; and, 6. record the occurrence of fires across the entire landscape more comprehensively, including the locations of fires in crop residues and the passage of unplanned fires across private land, along with the locations of all ignition points.
There are a large number of possibilities for bettering the chances of successful biodiversity conservation. The underlying challenge is to maximise the number of people that are aware and concerned about fire and biodiversity issues, either as separate issues or joint. For fire matters, addressing the issues of unwanted ignitions, fire suppression and fuel management within the context of the social, environmental and economic assets of concern, not just operations, is essential [20] . While ecologists have learned a great deal about biodiversity and the environments that sustain them, this knowledge is far from complete, and the continuing change in our landscapes, climate and atmosphere amplify the need for practical systems of biodiversity assessment and adaptive management if society is to realise its goal of no species loss in a changing fire-prone environment.
Effective management of the fire-prone biodiversity of the region is limited by a set of issues that are mirrored in other fire-prone environments globally. These include a lack of knowledge of the status and workings of present-day modified ecosystems, let alone new ones, knowledge of the effects of fire and grazing regimes across landscapes generally, the connectivity of reserve systems, adequate resources for management (including whole-of-landscape fire and fuel management, adequate monitoring) and appreciation of the biodiversity asset by land users with a range of value systems.
There is no simple, quick, unilateral and inexpensive action that will resolve all of the issues associated with fire regimes and biodiversity conservation in the AMLR; that is why a co-ordinated, collaborative approach that uses targeted and effective programs dictated by local and regional land use legacies, and changing geographical and social contexts, is necessary.
Conclusions
Fire-regime management and conservation of biodiversity are important priorities in the AMLR. Biodiversity is in decline, and fire intervention in management is increasing. A wide range of circumstances and species' responses are found. Fires and species travel where they can, but their spread is restricted by fragmentation, land use and other forms of human intervention. With changing populations, climates and atmospheres, fire occurrences and locations of suitable habitats for the biota are likely to change. Being prepared as much as possible for these changes and adopting a pro-active all-tenure, whole-of-landscape and whole-of-community approaches to conservation and fire management seems reasonable. It appears that in the AMLR, these integrating concepts could be promoted more widely and vigorously using the administrative structures and policies that are already in place. Losses of "miles of fencing, tons of timber and bark, besides feed".
"Hahndorf has not been in such peril from fire for 20 or 30 years" [180] [180]
and [181] (p. [186] .
Lady Tennyson wrote that these [bushfires] were a "most wonderful sight, all the hills bursting into great volumes of smoke and great clouds of smoke rolling along the gullies." Fire entered their "own gully garden" on February 7 [187] . [186] and [187] (p. 139) 1902, March Echunga-Meadows 600 acres [188] [189] "About 3am on Monday, strong winds sprang up, and made the fire more vigorous than ever" [102] 1907, March Norton's Summit "As a rule a bush fire if confined to the bush does more good than harm, for a lot of rubbish and undergrowth is destroyed, allowing the feed to grow for the cattle during the ensuing year" [190] [191] 1910 had confined itself to the scrub"; "strong wind from the west" "pace estimated at fully 10 miles an hour" "sparks falling from the burning trees on to the roofs" [193] 1912, February Adelaide Hills "… most appalling blaze that has ever been experienced in this portion of the State" [194] .
"This was without a doubt a Black Thursday for Hahndorf and never before was such a terrible scene witnessed"
(A map of the fires is presented.) [195] [ 194, 195] 1914, January Adelaide Hills "An extensive bush fire in the hills was visible from the city." [196] 1916, March Adelaide Hills "It (the fire) assumed serious dimensions" [197] 1918, February Montacute "... extended over a distance of from 10 to 15 miles."
"A devastating bush fire swept the Adelaide Hills" [198] 1920, February Adelaide Hills ".. large area of scrub" [199] "... burned fiercely" [199] ".. "...bright glow above the hills" [201] 1926, February Gawler, Port Gawler, Mt
Crawford, Pewsey Vale "Black Sunday" [202] 1929, March Mt Lofty Ranges "Thousands of acres" [203] 1930, February Marble Hill "The fire destroyed about 100 acres .." "... stringybark country adjoining the house" [204] 1931, February Adelaide Hills "Nearly 300 acres of scrub country .." "... near the Governor's residence at Marble
Hill" [205] 
230)
1995, January Adelaide Hills "hundreds of thousands of hectares burnt" [80] 1996, January Adelaide Hills 5000 people affected [80] 1998, March Adelaide Hills [80] 1999, May Mt Lofty Ranges "scrub fire after a burn-off got out of control"
[114] (p.
279)
2000, June
[sic] Brownhill Creek 1000 ha [218] 2001, December Hillbank 350 ha [218] 2005, January Mt Osmond 120 ha [218] 2007, January Mt Bold reservoir area [88] 2013, May Cherryville, Basket Range, Mount Lofty 730 ha 1 house burned [219] 2014, January Eden Valley 25,000 ha (including area outside AMLR) [218] 
